than 95% of renal CA activity is cytosolic and correin renal acidification. sponds to CA II; only 5% is membrane-associated [1-3].
able, large molecular weight CA inhibitor blocked up ing urinary acidification. Four CA isozymes (CA II, IV, XII, to 90% of bicarbonate absorption in isolated, perfused XIV) have been identified in kidney. Until now, luminal CA IV, a GPI-anchored isozyme, was thought to mediate most kidney and in vivo micropuncture, suggesting a larger bicarbonate absorption. Although CA XIV mRNA has been role for the luminal membrane-associated CA than one demonstrated in mouse and human kidney, the localization of might expect from its contribution to total CA activity this newly discovered CA has not been established.
in kidney [4] [5] [6] [7] [8] . Until now, the luminal activity was Methods. RT-PCR and Western blot analyses were used to demonstrate CA XIV mRNA and protein in extracts of cortex thought to be exclusively CA IV [9] [10] [11] . and medulla of mouse kidney. Polyclonal antibodies against Carbonic anhydrase II has been found to be expressed mouse CA XIV were utilized for immunofluorescence to examin high levels in the intercalated cells of the distal tubule ine the pattern of expression of CA XIV in the nephron of and collecting duct, and somewhat lower levels have been both rat and mouse kidney. found in proximal tubules and the loop of Henle [12] .
Results. Immunofluorescence staining showed abundant expression of CA XIV in apical plasma membranes of the S1
The fundamental importance of CA II in renal acidificaand S2 segments of proximal tubules, and weaker staining in tion was demonstrated in humans with CA II gene mutathe basolateral membranes. Also, strong staining was seen in tions who exhibited renal tubular acidosis [13] . CA IIthe initial portion of the thin descending limb of Henle. These deficient mice produced by chemical mutagenesis also results show that luminal CA XIV is strongly expressed in had impaired renal acidification [14] . However, adminisregions of the rodent nephron that have been thought to be important in urinary acidification. Staining for CA XIV and tration of carbonic anhydrase inhibitors to CA II-defi-CA IV in the same sections showed some areas of co-exprescient patients and mice led to bicarbonaturia, supporting sion, but also some areas where each was expressed without a key role for the membrane-associated CA activity in the other. renal bicarbonate reabsorption [15, 16] .
Conclusions. Luminal CA XIV may account for a substan-Some species differences were noted in CA IV distritial fraction of the bicarbonate reabsorption previously attributed to CA IV. If so, CA XIV and CA IV may be functionally bution along the nephron. Immunohistochemical studies redundant. in rat kidney localized CA IV to apical and basolateral membrane domains in the proximal tubules and thick ascending limbs of Henle [17] . In rabbit kidney, ␣-inter-Carbonic anhydrases (CA) are zinc metalloenzymes calated cells of the collecting ducts also expressed CA that catalyze reversible hydration of CO 2 and have an IV in their apical membranes [18] . In addition, histoimportant role in urinary acidification in kidney. More chemical studies have shown that several nephron segments, such as the initial portion of mouse thin descending limb of Henle [19, 20] and human, mouse and rat zymes have been discovered, CA XII and CA XIV, both glyceraldehyde-6-phosphate (GAPDH) [35] were used to monitor the quality of the RNA samples. of which are also expressed in the kidney [23] [24] [25] [26] . We recently characterized the immunohistochemical local-Ten micrograms of total RNA were used as a template for subsequent RT and PCR reactions. Reverse tran-ization of CA XII in the human kidney, where it was found in the basolateral membranes of the proximal and scription was performed at 42ЊC for one hour followed by denaturation at 95ЊC for two minutes. The PCR cycling distal tubules and the principal cells of the collecting ducts [27] . No luminal expression of CA XII was detected. Mori protocol consisted of 30 cycles of denaturation at 95ЊC for one minute, annealing at 55ЊC for one minute and et al [25] cloned CA XIV cDNA from mouse kidney and expressed it in COS-7 cells where the cDNA produced extension at 72ЊC for one minute, followed by final extension at 72ЊC for five minutes. The PCR products were membrane-associated activity. CA XIV mRNA was localized both to mouse renal cortex and medulla by in situ analyzed by electrophoresis on 1.5% agarose gels containing 1% ethidium bromide. hybridization. To establish the cellular localization of CA XIV in murine tissues (initially in brain), we expressed a Western blotting truncated secretory form of recombinant murine CA XIV in Chinese hamster ovary (CHO) cells and raised Samples of renal cortex and medulla were obtained as above and homogenized in ice-cold buffer containing polyclonal antibodies to the purified recombinant protein [28] . In the present study, these antibodies were (in mmol/L) 10 NaCl, 50 Tris-SO 4 (pH 7.0), 1 ethylenediaminetetraacetic acid (EDTA) plus 1 tablet of Complete utilized to examine the expression pattern of CA XIV in kidneys of adult rat and mice.
Protease Inhibitor (Boehringer Mannheim, Mannheim, Germany) per 50 mL buffer. The homogenates were first centrifuged at 1000 ϫ g for 10 minutes at 4ЊC to remove METHODS nuclei and cell debris, followed by centrifugation of the Antibodies supernatants at 70,000 ϫ g for 90 minutes at 4ЊC. The pellets were resuspended in a small volume of isolation The anti-mouse CA XIV antisera to the secretory form of mouse CA XIV were raised in rabbits and rats as buffer and protein concentrations were measured using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, described earlier [29, 30] . The rabbit anti-mouse CA XIV antibody has been characterized recently by Parkkila et USA). The samples were then solubilized at 60ЊC for 15 minutes in Laemmli sample buffer, and subjected al [28] . Rabbit anti-mouse CA IV, used in Western blots, also has been characterized earlier [31] . In double label-to standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 50 g protein per lane). ing studies, a rabbit anti-rat CA IV antibody [32] , a goat anti-human aquaporin-2 (AQP2) antibody (Santa Cruz
The separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad), which Biotechnology, Santa Cruz, CA, USA) and a goat antibody against Tamm-Horsfall glycoprotein (Cappel ICN, were treated overnight at 4ЊC in PBST buffer (0.9% NaCl in 10 mmol/L sodium phosphate buffer, 0.05% Costa Mesa, CA, USA) were used. All secondary antibodies used in immunofluorescence were purchased Tween-20, pH 7.4) containing 10% cow colostral whey (Hi-Col, Oulu, Finland), and subsequently incubated from Molecular Probes (Eugene, OR, USA).
with polyclonal anti-CA XIV, anti-CA IV or preimmune Extraction of RNA and reverse transcriptionserum [each diluted 1:500 with PBST containing 1% polymerase chain reaction bovine serum albumin (BSA)], at room temperature for two to three hours. The membranes were then washed Mice were sacrificed by decapitation and the kidneys were removed. Cortex and medulla were dissected from with several changes in PBST, and incubated for one hour at room temperature with peroxidase-conjugated coronal slices and rapidly frozen in liquid nitrogen. Total cellular RNA was extracted from the tissue samples using donkey anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA, USA) diluted 1:25000 in BSA-PBST. After TRIzol reagent (Gibco-BRL, Gaithersburg, MD, USA), according to the manufacturer's instructions. The con-several washes in PBST, antibody binding was visualized by enhanced chemiluminescence (ECL; Amersham, Lit-centration and purity of RNA was determined by spectrophotometer at 260 and 280 nm. Reverse transcription tle Chalfont, UK). (RT) and polymerase chain reaction (PCR) amplifica-Immunocytochemistry tion were performed using a single-step method [33, 34] . Two primers for amplifying CA XIV were chosen based Adult male rats (Sprague-Dawley) and mice (Balb/c) were sacrificed by decapitation. The kidneys were per-on the published mouse CA XIV sequence [25] ; forward 5Ј-AAGGTGACTTGGATCCTGGCTGCA-3Ј (nucle-fused in situ through the abdominal aorta with 3% paraformaldehyde in PBS, removed and cut into coronal otides 290-313) and reverse 5Ј-TTCTGAGCTGCCT CACTCAAGCTG-3Ј (nucleotides 700-723), which gen-slices. The slices were further immersion-fixed for two hours at room temperature, cryoprotected overnight in erated a 434-bp amplification product. Primers for rat 20% sucrose-PBS and rapidly frozen in liquid nitrogencooled isopentane. Sections were cut at 5 m using a the cortex and medulla of the mouse kidney ( Fig. 1 ). Microm Cryo-Star microtome (Microm, Walldorf, Ger-Amplification products of predicted size (434 bp) were many), dried onto Superfrost Plus microscope slides detected in RNA samples from both regions of the kid-(Menzel, Braunschweig, Germany), and incubated with ney. Amplification of GAPDH mRNA from the same PBS containing 20% cow colostral whey for 40 minutes.
RNA samples using GAPH primers served as positive The sections were then incubated for two hours with controls, revealing 300-bp amplification products from polyclonal anti-CA XIV or preimmune serum, diluted both RNA samples. 1:300 in 1% BSA-PBS, washed three times for five min-Western blot analysis revealed that CA XIV is exutes in PBS and incubated for one hour with Alexa 568pressed both in mouse kidney cortex and medulla as a coupled goat anti-rabbit IgG, diluted 1:200 in PBS. After 54-kD polypeptide (Fig. 2 ). Western analysis of the same four five-minute washes in PBS, slides were mounted in membrane samples using an antiserum against mouse Immu-mount (Shandon, Pittsburgh, PA, USA).
CA IV showed the predicted 39-kD polypeptide band For double immunofluorescence staining, the rabbit anti-mouse CA XIV was detected with Alexa 592-couand an additional larger band thought to be a homodimer pled donkey anti-rabbit IgG (1:200), and the goat antiin both blots (Fig. 2) . No signal was detected when preimbodies against AQP2 (diluted 5 g/100 L) or Tammmune serum was used instead of the specific antiserum. Horsfall glycoprotein (1:100) with Alexa 488-coupled Immunolocalization of CA XIV in the kidney donkey anti-goat IgG (1:200). For double labeling of CA XIV and IV, the rat anti-mouse CA XIV was detected
The nephron distribution and subcellular localization with Alexa 488-coupled goat anti-rat IgG (1:200) and of CA XIV were examined by immunohistochemistry rabbit anti-rat CA IV with Alexa 568-coupled goat antiin rat and mouse kidney samples. Low-magnification rabbit IgG (1:200). The sections were examined with a images of rat ( Fig. 3A ) and mouse kidney ( Fig. 3B ) conventional epifluorescence microscope (Nikon Corpodemonstrate that the strongest immunofluorescent signal ration, Tokyo, Japan) or a confocal laser scanning microwas present in the cortex. The outer stripe of the outer scope (Zeiss, Gö ttingen, Germany). medulla showed only a weak staining, whereas distinct tubular profiles in the inner stripe were stained intensely.
RESULTS
No labeling was seen in the inner medulla. In the cortex Regional expression of CA XIV mRNA and protein region, the staining was restricted to the proximal tuin the kidney bules, as shown in the higher magnification images ( Fig.  3 C, D) . The most striking fluorescence was present in Reverse transcription-polymerase chain reaction was performed to detect the presence of CA XIV mRNA in the apical plasma membrane, while the basolateral mem- show that CA XIV is expressed in cortex region (cx) and inner stripe of outer medulla (is). High magnification views (C, D) demonstrate that CA XIV is predominantly expressed in the apical plasma membrane of proximal tubules and weaker staining is also seen in the folded basolateral membrane. S1 segment emerging from the glomerulus (gl) shows strong labeling. Distal convoluted tubules (#) remain negative.
In the inner stripe of the outer medulla (E), strong CA XIV-positive fluorescence is seen in the apical and basolateral membranes of tubules representing the initial portion of thin descending limb of Henle (arrows). Abbreviations are: os, outer stripe of outer medulla; im, inner medulla. Original magnifications: A, B ϫ100; C-E ϫ630.
brane showed a weaker staining. The staining was intense 5 (A, B) shows that CA XIV-positive tubules are distinct from the adjacent, Tamm-Horsfall glycoprotein-positive in S1 and S2 segments throughout the cortex. S3 segments in the outer stripe of the outer medulla showed thick ascending limbs of Henle. Collecting ducts throughout the kidney were unstained for CA XIV. This was only a faint intracellular punctuate staining, that was found to be a non-specific reaction (controls in Fig. 4) .
nicely demonstrated by double immunofluorescence staining with anti-AQP2 antibody ( Fig. 5 C, D) , which Controls using preimmune serum instead of the anti-CA XIV serum revealed a faint punctate labeling in S3 specifically labels the principal cells of the collecting duct [37, 38]. proximal tubules in the outer stripe of the outer medulla, while all other nephron segments remained unstained
We also compared staining for CA XIV and CA IV by double immunostaining to clarify regions of overlap ( Fig. 4 ). Based on shape, number, and location, the CA XIV-positive fluorescent signals in the inner stripe of and distinct staining (Fig. 6) . Panels A and B show that both isozymes are co-expressed on the apical plasma the outer medulla represent the initial portion of the thin descending limbs of Henle. This was confirmed by membrane of most cortical tubules. The proximal tubule sections, which appear to stain more intensely for CA double immunofluorescence staining using antibodies against CA XIV and a marker protein of the thick as-XIV than for CA IV, may represent the S1 segment that was weakly stained (relative to S2) in a prior study of cending limbs, Tamm-Horsfall glycoprotein [36] . 
XIV-negative segments in panel D most likely represent
Original magnification ϫ630.
cortical thick ascending limbs of Henle. Figure 6 panels E and F demonstrate that CA XIV and CA IV are localized in completely different segments in the me-Inhibition of luminal CA activity blocks the majority of dulla. The CA XIV-positive/CA IV-negative segments bicarbonate absorption of the proximal tubule [4, 5] . The of the thin limb of Henle are marked. The CA IVidentity of the membrane CA in the kidney was long positive/CA XIV-negative segments represent the thick attributed to CA IV, which is attached to the plasma ascending limb of Henle. Figure 7 summarizes diagrammembrane by a glycosyl phosphatidyl inositol anchor matically all the findings on the distribution of CA IV [3, 9] . However, recent discoveries of novel transmemand CA XIV in the rat nephron.
brane CA isozymes, CA XII and CA XIV, suggest new candidates for luminal CA activity. We have recently DISCUSSION reported the localization of human CA XII in the basolateral membranes of the epithelial cells in the distal The crucial role of the membrane-associated CA in renal bicarbonate absorption has been well documented.
tubules and of the principal cells in the collecting ducts A, B) and AQP2 (green) (C, D) convoluted tubule; CD, collecting duct; cx, cortex; os, outer stripe of in mouse kidney. In the cortex, CA XIV shows positive staining in outer medulla; is, inner stripe of outer medulla; im, inner medulla; A, proximal tubules and not in cortical thick ascending limb labeled with apical plasma membrane; BL, basolateral plasma membrane. anti-Tamm-Horsfall glycoprotein antibody (A). In the inner stripe of outer medulla, CA XIV is expressed in thin descending limbs and does not co-localize with Tamm-Horsfall glycoprotein in thick ascending limbs (B). Collecting ducts in cortex (C) and outer medulla (D), labeled with anti-AQP2, show no immunostaining for CA XIV. Original magni- [17, 18] , CA XIV is strongly expressed in both S1 and fication ϫ630. S2 segments. Whether this axial heterogeneity in the immunolocalization of CA IV and XIV along the proximal tubule is related to their physiological roles in bicarbonate reabsorption remains to be established. However, [27] . None was found on luminal membranes. The reverse is true for CA XIV. CA XIV mRNA had been physiological evidence argues that bicarbonate reabsorption is greater in the S1 than the S2 segment [39, 40], isolated from mouse kidney and its mRNA localized to renal cortex and outer medulla [25] . The present study suggesting a major role for CA XIV in this process. The respective roles of CA XIV and CA IV in the luminal shows expression of CA XIV protein in rat and mouse kidney and demonstrates its presence predominantly on membrane of the proximal tubule may be clarified by the development of isozyme-specific inhibitors and ap-luminal membranes. Western blots using CA XIV antibody show no cross-reaction with CA IV, another mem-propriate knockout mouse models. We also found faint staining for CA XIV in the basolat-brane-associated CA.
The most intriguing finding of the present study was eral membrane of the proximal tubule, which earlier had been reported to contain CA IV [17, 18] and CA XII [27] . that CA XIV was abundantly expressed in the apical plasma membranes of the proximal tubules where CA The physiological importance of basolateral membrane CA was shown recently by Tsuruoka et al, who found IV has earlier been implicated as the extracellular CA needed to prevent the development of luminal disequi-that an extracellular, membrane-impermeable CA inhibitor substantially reduced bicarbonate and water absorp-librium pH [17, 18] . CA XIV and CA IV show some overlap in distribution along the proximal tubule, but also tion in microperfused rabbit proximal tubules [41] . Based on the present and previous studies, at least three CA have somewhat different distribution patterns. While CA IV expression is largely restricted to the S2 segment isozymes (CA IV, XII and XIV) are expressed on the the most important role is unclear thus far.
of acidification by rat proximal tubule: Role of carbonic anhydrase. [27] and CA XIV (this report) resolve the mystery cre- 
